International Time Project) monitoring data for QSO 2237+0305 (Huchra et al. 1985) have been analyzed through a newly optimized N-body microlensing analysis method, the Local HAE Caustic Modeling (LOHCAM). This method simultaneously solves for the size of the source and N-body HAE (High Amplification Events) caustic shapes in the source plane and determines those sizes only as a function of the projected transverse velocity of the source. By applying this method to the light curves of the A & C lensed components in the Einstein Cross, these data are accurately reconstructed for the first time. From these modeling studies, we report several interesting results: the minimum number of microlenses required for possible caustic models, the possible evidence of an accretion disk with a central hole at the heart of the quasar, the size of the UV-continuum source, the masses of the microlenses being directly responsible for the observed HAEs, the estimated mass range of a super massive black hole (SMBH) in QSO 2237+0305 and finally some clues for the direction of the source motion in the sky.
Introduction
Gravitational microlensing effects induced by compact objects in a galaxy can be used as a cosmic microscope to probe at micro-arcsec angular scales the structure of the lensed background quasar (Chang & Refsdal 1979 , Young 1981 , Chang & Refsdal 1984 , Kayser, Refsdal & Stabell 1986 . A few years ago, the OGLE team (Wozniak et al. 2000) has reported impressive microlensing light curves for the 4-macro images (hereafter denoted A, B, C & D) of QSO 2237+0305 (z ∼ 1.695) lensed by a nearby spiral galaxy (z ∼ 0.039). This system constitutes a very promising candidate for microlensing studies (Kayser, Refsdal & Stabell 1986 , Kayser & Refsdal 1989 . Indeed, because the expected time delays are so short, about one day (Schneider et al. 1985) , intrinsic variability should show up almost simultaneously in the four images so that any brightness variations affecting only some of the four sinSend offprint requests to: D.W. Lee: macrolensing@yahoo.co.kr gle images are necessarily due to microlensing. Also, because of the large distance ratio between the QSO and the lens, microlensing should lead to more frequent and rapid high amplification events (HAEs) than for any other known gravitational lens system. So far, there have been several monitoring observations for this unique gravitational lens system, however, the OGLE data (Wozniak et al. 2000) are unique in that they cover prominent HAEs with unprecedented daily time resolution. Recent GLITP-ISIS data (Alcalde et al. 2002 , Moreau et al. 2004 provide some additional data around the microlensing peak of A and C. In section 2, we present data handling for the OGLE and GLITP data. In section 3, the LOHCAM technique is introduced. In section 4, we present the LOHCAM results and discussion. 
Data handling
The OGLE data cover approximately 3 years with 231 data points, and the GLITP data cover 120 days with 53 data points. In order to combine these two data sets, first we corrected a zeropoint difference of 0.065 and 0.13 mag. in the V band between the OGLE and GLITP data of A & C, respectively, so as to match the slope of the OGLE data. Then, the original logarithmic magnitude scale is transformed into a linear flux unit (mJy) based on the same formulation given by the OGLE team. Figures 1a and 2a illustrate the resulting combined light curves in mJy unit that we have analyzed.
Local HAE Caustic Model
Recently, several authors (Yonehara 2001 , Shalyapin 2001 , Shalyapin et al. 2002 have attempted to fit parts of these data using HAE approximation formulae for a fold caustic and a cusp under the assumption of a single ChangRefsdal microlens (e.g. Yonehara 2001 ) or a straightline caustic (e.g. Shalyapin 2001 , Shalyapin et al. 2002 . However, microlensing amplification maps (Wambsganss, Paczynski & Schneider 1990 ) even for component A, which is expected to have the smallest optical depth among the 4-images, suggest the possibility of a substantial amount of caustic clustering effects. Therefore, a single microlens or almost straight-line fold caustic model may not be adequate to interpret the complex HAEs observed for the Einstein Cross. We have developed a consistent Local HAE Caustic Model (LOHCAM) based upon N-body microlenses using a ray shooting method (Kayser, Refsdal & Stabell 1986 ) which simultaneously takes into account the extended nature of the background source and the shear effects due to the macro deflector (e.g. lensing galaxy). LOHCAM implicitly assumes that the HAEs are produced by those caustics located near the source and that the additional background amplification due to the non-local microlenses may be considered constant and negligible during a local HAE; it makes use of the fact that the microlensing amplification in the rayshooting method depends only on the size of the source and on the strength of caustics, regardless of the unlensed flux of the source.
For source models, we restrict ourselves to consider only two simple models: uniformly bright circular disk with a hole and a uniformly bright disk models assuming face on status. According to the traditional unified theory of AGN, we can naturally imagine the presence of a central hole in an accretion disk (i.e. an accretion disk with a central hole; see Fig. 2 Thorne & Price 1975) with a SMBH in the heart of a quasar. The free parameters in LOHCAM are the mass and coordinates of the local microlenses, the inner and outer radii of a circular source assumed to be a face-on accretion torus surrounding a central SMBH and the background flux level; i.e. 3N + 3 parameters. Additional pre-fixed parameters are the external shear, the shear direction angle defined with respect to the relative direction of the source motion and the number N of local microlenses.
The unknown minimum background amplification is assumed to correspond to the minimum flux levels present in each of the A (see Fig. 1a around day 800) and C (see Fig. 2a around day 700) light curves. These levels are also found to be representative of minima recorded in the compilation of past data . We adopt representative shear values of 0.42 and 0.62 at A & C from a general macro lens model for the case of the potential exponent (β = 1) (Witt, Mao & Schechter 1995) , though the macrolensing parameters (e.g. σ, γ ) are somewhat dependent on the adopted models (see also, Witt & Mao 1994 , Wambsganss & Paczynski 1994 . We also note that although Schmidt, Webster & Lewis (1998) have reconstructed the macrolens model for the lensing galaxy of QSO2237 by using the observed light distribution (e.g. a bulge and bars), their model could not take properly into account the dark halo effect. Then, in order to take into account the dark halo of the lensing galaxy, we have chosen the macrolens model parameters from the most general model, the isothermal lens model (β = 1).
Based on the normalized lens equation (Kayser, Refsdal & Stabell 1986 , Paczynski 1986 ,
where γ is the external shear, m i represents the normalized mass of star i, η, ξ and ξ i the normalized co-ordinates in the source and the lens plane, respectively; the resulting microlensed lightcurves are then calculated. For simplicity, we ignore the totally unknown smooth dark matter term; this could slightly affect some of the scaling relations (Kayser, Refsdal & Stabell 1986 , Paczynski 1986 ). Furthermore, due to the weak flux variation seen in the D light curve (Wozniak et al. 2000) of QSO 2237+0305, we assume that the intrinsic flux variations of the quasar are negligible and that all flux variations are due to microlensing effects during the monitoring campaigns. When fitting the light curves, we tried to find the minimum number N of local HAE microlenses in order to reproduce the whole light curves. To convert the observed timescale into dimensionless normalized units for simulations, arbitrary time normalization is applied to the light curves. (e.g. 100 days). From the observed data, especially those of A, we notice that the average time scale between 2-consecutive turning points in the light curve is about 100 days. This fact may imply an important clue for the sizes of the source and caustics. However, the exact value for the time normalization is not important, because it produces the same results only if the initial conditions are same in absolute scale (See eq. 2). By introducing a time normalization, the observed light curves transform into normalized (dimensionless) scale light curves. Then we can make use of the dimensionless normalized microlensing simulations compared with the normalized light curves without considering any cosmological effects. ). The lower graph shows the case optimized for a disk source model (slightly offset for clarity; χ 2 = 2.38). Note the much better matches for the case of the disk with a hole model for the double peak, turning points and small dips. These two curves are the best optimized cases by using a least number of microlenses (i.e. 5-microlenses), respectively.
Of course, when we convert a normalized unit into a real physical unit, then we should take into account cosmological effects. A large number of preliminary simulations were then performed to identify plausible ranges for the initial parameters. Starting from the binary lens plus external shear cases (Lee 1997 , Lee, Chang & Kim 1998 , we have searched various caustic cuts to match the observed light curves. However, we could not find any satisfactory results from the binary lens model, so we increased the number of microlenses to find the possible minimum number caustic solutions compatible with the observational data. Finally, we found that the minimum number of microlenses needed to account for the observed HAEs is 5 for both images A & C (Figs. 1b, 2b) .
Next, applying a simultaneous minimization method, the downhill simplex algorithm (Press et al. 1992) , the best chi-squared set of parameters characterizing the observational data was finally derived (see Table 1 ). It is important to note that knowledge of the apparent source velocity with respect to the caustics directly determines the absolute sizes of the source and caustics and, consequently, the mass of each microlens through the time normalization of LOHCAM. Through the LOHCAM analysis, we can directly derive the physical mass (M) of a microlens based on the normalized mass as follows; where c is the speed of light, G is the gravitational constant, Dd, Dds&Ds represent angular diameter distances, nm represents the normalized mass, 100days represents the basic normalization unit in our simulations, V T is the projected transverse velocity of the source with respect to the caustics in the source plane.
Results
Although it is extremly hard to prove the unicity of our proposed caustic models, we could derive some interesting and consistent results for the microlensing effects in the Einstein Cross. From the numerical simulations, we find that only a source model with a hole inside may easily account for the double peak observed in the light curve of component A (Figs. 1a & b) . Without such a hole, the simulated light curves fail to reproduce this double peak (Fig.  3) . Even if we include additional microlenses (6 or 7 in total), we failed to find any good fitting results for the double peak with a disk source. We note that this double peak modeling for A is very similar to Grieger et al.(1988) 's theoretical prediction for the case of an accretion disk with a central hole source. This result thus provides the first possible evidence of an accretion disk with a central hole for the far-UV continuum source of a distant quasar, namely QSO 2237+0305, observed at a redshift z=1.695 in the V band. In addition, our modeling produces a remarkably good fitting over the entire data points (Figs. 1a &  2a) , not just over selected parts of HAEs (Yonehara 2001 , Shalyapin 2001 , Shalyapin et al. 2002 . Our results are directly understood from the constant motion of the face on accretion disk source along a straight track across the caustic networks (Figs. 1 and 2 ). The final χ 2 fitting values are small, but not sufficiently small. This may be induced by our simple uniform brightness modeling for the surface brightness distribution of the source. As we can see from the fitting results, most of parts of the A data are well reproduced by the LOHCAM. Though the double peak modeling is evident, at the peak region there is a slight misalignment between our modeling and the data. If some one can take into account more realistic surface brightness distribution of the source with our caustic and source model, the corresponding χ 2 results should be near to unity because most of χ 2 loss occurs at the peak region in our modeling. Moreover, unlike any other HAE studies made so far, our model fitting produces independent and similar solutions for the source size from both the A & C light curves (Table 1) . In our opinion, this testifies the coherence of the LOHCAM results, also suggesting that the contribution of the unknown smooth dark matter is not sufficient to produce over-focused cases in this lens system (Kayser, Refsdal & Stabell 1986) .
From the best fitting results, we may now infer the physical sizes for the accretion disk and the cetral hole of the quasar and the masses of the microlenses. Adopting a representative value (Kayser, Refsdal & Stabell 1986 , Kayser & Refsdal 1989 ) V T = 6, 000kms
−1 for the pro- a The inner source radius for the case of C is not well constrained. This may be due to the lack of data around the peak and the fact that the peak of HAE of C image is already affected by another large caustic (see Fig. 2 ). Quoted errors for the source sizes are 1σ. The errors were calculated from the 2-D (i.e. inner source radius versus outer source radius) ∆χ 2 contour map corresponding to 1σ level, while fixing the other parameters at their best fitted values.
jected transverse velocity of the source with respect to the caustic network as measured by the observer, H o = 65kms −1 M pc −1 for the Hubble parameter and a flat Universe with a matter density Ω m = 0.3, the bestfitted outer and inner radii of the torus for A are then found to be 317(+9/ − 11)(V T /6, 000kms −1 ) AU and 62(+25/ − 41)(V T /6, 000kms −1 ) AU, respectively. Similar values are obtained from the independent analysis of C (Table 1) . From the derived size of the inner radius (R in ) of the accretion disk and using a relation for the last stable orbit (R in = 3R sw ) of a black hole with a Schwarzschild radius (R sw ), the mass of the SMBH in QSO 2237+0305 is estimated to be in the 1σ range 3.5 × 10 8 − 1.5 × 10 9 (V T /6, 000kms −1 )M ⊙ . This mass estimate is comparable with the largest one reported so far for known SMBHs (Gebhardt et al. 2000) .
The estimated mass range for the microlenses is of the order of 10 −4 M ⊙ , although one star with a mass 10 −3 M ⊙ is required to fit the HAE of C (see Table 1 ). This is well below the hydrogen-burning limit, even when considering larger acceptable ranges for the transverse velocity; it thus represents a range of masses compatible with extragalactic brown dwarves or free floating Jupiter-like planets. Refsdal & Kayser (1993) have previously anticipated that microlensing by very small masses with a large source size (R E ≤ R S ) could explain the observed variability in the Einstein Cross. Our results may support their claims. It also strongly suggests that there are numerous planetary masses in the distant lensing galaxy. Although we have firslty estimated the masses of microlenses in this galaxy, it is not possible to derive or compare the expected surface mass density from our model. Because we must know both the mass and the spatial density of microlenses to derive the surface mass density, we can not estimate the surface mass density as we can not know the mean spatial density of microlenses from our modeling. We only know a few masses of microlenses, not their mean spatial density. However, it seems that the spatial density of microlenses in this system is not quite dense, otherwise our simple 5-microlens model could not reproduce the observed HAE variations.
Our current estimate for the continuum source size (∼ 4.7 × 10 15 cm) of a quasar is well consistent with the typical size expected for a continuum emitting accretion disk with a super massive black hole (Rees 1984 , Agol & Krolik 1999 . Although argued that the continuum source size of QSO 2237 would be much smaller than the Einstein angle for the mean average mass of microlenses and neglected the very low mass hypothesis by Refsdal & Stabell (1993) , our results clearly show that it is possible to generate the strongest HAEs observed by OGLE with very low mass lenses and a characteristic source size. So our results are supporting Refsdal & Kaiser (1993) 's idea. Our results also suggest that the UVcontinuum source size is almost compatible with the mean Einstein angle size of lenses in QSO2237 or slightly larger.
Considering two mutually perpendicular source track directions with respect to the galaxy center, we find that the whole HAEs of A are better modeled with the direction parallel to the shear direction (i.e. defined toward the galaxy centre), whereas the whole HAEs of C are smoothly fitted with a track direction perpendicular to the local shear ( Figs. 1 & 2) . Given the orthogonal positions of A & C with respect to the galaxy center, these results may provide a rough, but consistent clue for the direction of the relative transverse motion of QSO 2237+0305. Assuming that the random motions of the individual microlenses are negligible, we cautiously conclude that the direction of transverse motion of the source is more likely roughly parallel to the line connecting A & B, instead of C & D. This finding may imply that the true transverse velocity of the quasar can be larger than expected since the predicted observer's motion is parallel to the C-D direction (Witt & Mao 1994) . Assuming that our interpretation of the source motion in the sky is correct, we can predict that such abrupt small fluctuations (cf. around day 1600 in Fig. 2 ) will be more frequent in image C, whereas image A will show smoother variations when microlensing HAE occurs. Therefore, our current interpretation of the source motion should be further investigated on the basis of new data for the Einstein Cross. Especially, monitoring observation of the centroid shift in QSO2237 by the Space Interferometry Mission (SIM) is of great interest for us. If very small mass lenses are dominant in this system as we modeled, we could not expect to observe a significant centroid shift even during evident HAEs down to micro arcsecond scales.
